Background: Healthcare-associated infections are costly and are increasingly viewed as an indicator of the quality of care. Although strategies to reduce infections have become widespread, few studies have formally investigated the role of undernutrition on the development of infection-related complications in children after surgery. Aim: To perform a systematic review of the literature to determine if undernutrition is prognostic of postoperative infection complications in children. Methods: Electronic bibliographic and research databases were searched from 1950 to 2014. Inclusion criteria were studies in children (age <18 years) evaluating pre-operative nutritional status and reporting postoperative infection complications. Quality assessment was performed independently by two reviewers, with disagreements resolved by a third reviewer. The quality of the evidence was judged to be low in the majority of studies. Findings: Ten cohort and two caseecontrol studies met the inclusion criteria. Five studies reported an outcome combining infection-related complications, with the remainder reporting individual infection complications. Six studies reported surgical site infection (SSI) alone or in combination with other infection complications. Direct comparison between studies was difficult due to clinical and diagnostic heterogeneity. Unadjusted analyses (for patient or clinical variables) were suggestive of a relationship between undernutrition and infection complications. In studies controlling for other variables, the analyses did not remain significant for SSI. Conclusion: There was low-quality evidence that undernutrition may be predictive of postoperative infection complications in children, with the exception of SSI. However, inconsistencies in nutritional and outcome assessments made it difficult to draw conclusions. Larger, high-quality studies are warranted to further investigate a potential prognostic relationship. ª
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Introduction
Healthcare-associated infections (HCAIs) cost the National Health Service (NHS) in excess of £700 million per year. 1 In addition, HCAI rates are increasingly being viewed as an indicator of the quality of health care. 2 Efforts to reduce the incidence of HCAIs have become widespread, and include the introduction of evidence-based clinical guidelines for reducing surgical site infection (SSI) in the UK and USA. 3, 4 Few studies in children have investigated nutritional status, particularly undernutrition, as a risk factor for postoperative infectionrelated complications. Undernutrition can be defined as an imbalance between nutrient requirement and intake, resulting in cumulative deficits of energy, protein or micronutrients, that may have a negative effect on growth, development and other outcomes. 5 There is evidence that nutritional status deteriorates in children following hospital admission, 6, 7 often when associated with chronic or critical illness. 8, 9 Poor nutritional status (measured by lower weight-for-age zscores) has been associated with increased duration of mechanical ventilatory support, increased length of stay and increased one-year mortality in neonates undergoing surgery within an intensive care setting. 10 A recent evidence-based review of the literature found weak evidence of preoperative nutritional assessment being predictive of adverse clinical outcomes in paediatric surgical patients. 11 However, this review only identified six studies in total, five of which were undertaken in a paediatric cardiac surgical population, limiting the validity of these findings to other surgical populations. Moreover, only two of the included studies reported infection-related outcomes. 12, 13 These observations indicate that the relationship between undernutrition and postoperative infection complications in children has not been fully delineated, justifying the need for a systematic review of the existing research literature. The subject area is important because nutritional status is a potentially modifiable risk factor. Reduction in infectionrelated complications after surgery can reduce the physical and psychosocial impact on both the child and his/her family, reduce the financial burden associated with medical or surgical management, and avoid prolonged hospital stay or readmission. The costs associated with these adverse events have not been evaluated to date in paediatric surgical populations.
Methods
All studies assessing the pre-operative nutritional status of children aged <18 years undergoing surgery and reporting infection-related postoperative complications were eligible for inclusion. Studies that also included participants aged >18 years were excluded if outcome data for younger ages were not available separately. Studies were identified by searching the Cochrane Central Register of Controlled Trials (CENTRAL), OvidSP MEDLINE (1950e2014), OvidSP EMBASE (1980e2014) and NHS Evidence CINAHL (1982e2014). Index terms were exploded. A search strategy sensitive to the identification of prognostic studies was adopted. 14, 15 Studies were also identified by forward and backward citation searching of all identified papers and relevant review articles. OpenGrey and ETHos were searched in an attempt to identify relevant grey literature. Only studies published in the English language were included.
The database search strategy resulted in 1067 citations with 28 duplicate titles. No further studies were identified by the CENTRAL database or grey literature searching. Following an independent review of the titles, 970 were discarded. A further 28 citations were identified by forward and backward citation searching of the remaining 69 database citations, and 14 of these were discarded following abstract screening. In total, 83 full-text articles were screened, with 30 discarded immediately following confirmation of the age of the participants. In total, 53 articles progressed to full eligibility screening. Two articles referring to the same study were identified. 16, 17 Data from both papers were combined for data extraction purposes. Finally, 10 cohort studies and two caseecontrol studies were included in this review (Figure 1) .
Data extraction was performed using forms specific to this review and based on the Cochrane Collaboration template. 18 When further clarity on content was required, the primary authors were contacted. Where more than one published paper reported results from the same study participants, all papers were used to gain information relevant to this review.
The following data were extracted: study design and characteristics; country of origin; type and length of surgery; baseline participant data and eligibility criteria; nutritional assessment method with stratification of nutritional status; infection-related outcomes including definition, incidence and size of effect; duration of follow-up; assessment of confounders; and authors' conclusion.
For dichotomous infection outcomes, the appropriate relative risk or odds ratios were extracted or calculated, accompanied by 95% confidence intervals. Where more than one analysis was presented in the published article, the most adjusted analysis was extracted. Studies demonstrated significant clinical and methodological heterogeneity in terms of participants and outcome reporting; therefore, meta-analysis was not appropriate and a narrative synthesis was used to explore the relationship between classification of nutritional status and incidence of infection-related complications.
Quality assessment of included studies
The methodological quality of studies that met the inclusion criteria was assessed independently. The Newcastle-Ottawa Scale (NOS) 19 has a version for both cohort and caseecontrol studies, and so was used to assess study quality in three domains: participant selection (representativeness), comparability (due to design or analysis) and outcomes (assessment and follow-up). All decisions regarding study quality were based upon the information presented in the published paper. Studies scoring the maximum score of 9 were considered to provide high-quality evidence, studies scoring 7 or 8 were considered to provide moderate-quality evidence, studies scoring 5 or 6 were considered to provide low-quality evidence, and studies scoring <4 were considered to provide very-low-quality evidence.
Participants needed to reflect the 'average' paediatric surgical population, and so were judged accordingly. Specialist, homogenous surgical populations were downgraded for the purposes of this review, 20 and studies recruiting from voluntary surgical databases were judged to be at unclear risk of bias. 21 As body mass index (BMI) is not a valid indicator of undernutrition in children without being adjusted for age and sex, 22 studies using BMI as their sole ascertainment of undernutrition were downgraded accordingly. 28 Where cut-offs for categories of nutritional status were defined inadequately to make a judgement, studies were judged to be at unclear risk of bias. 24 Studies that excluded participants based on age, co-morbidity, death and/or incomplete follow-up data were downgraded. Lack of transparency regarding the number of participants excluded from the studies was considered a potential source of bias, especially when excluded populations accounted for 20% of the surgical cohort. 23, 24 Where participant numbers were low for the given study period, studies were downgraded to unclear risk of bias. 13, 25, 26 Unclear or non-validated infection definitions, 25 or unclear or less than accepted durations of follow-up made it difficult to assess exposure and/or case selection; these studies were downgraded accordingly. 13, 16, 17, 20, 21, 24, 26 Any study that adjusted for age and/or case complexity met the criteria for comparability. 20, 21, 23, 24 Studies that did not provide details about adjustment, studies that reported 'no difference between groups', and studies that undertook
Full-text articles excluded, with reasons (N=40)
No pre-operative nutritional assessment N=23
Infectious complications not reported N=6
Includes adult study population N=8
All participants categorized as undernourished N=1
Review papers N=2 unadjusted analysis alone were not considered to have met the criteria for comparability. 13, 16, 17, 24, 27 The results of quality assessment are presented in Table I . Overall, two studies were rated as moderate quality and eight studies were rated as low quality. The remaining cohort studies were rated as very low quality.
Records identified through database searching from inception to

Results
Search results
Twelve studies (13 papers) with a sum total of 92,386 participants fulfilled the inclusion criteria for this review. The effect estimates of the results for individual studies regarding the relationship between nutritional status and infection outcome are shown in Table II . All participants had some form of nutritional assessment undertaken prior to their surgery, classified within this table as the prognostic indicator.
Two studies included participants aged !18 years. 25, 28 As both presented individual patient characteristics with related outcome data, these participants were excluded from univariate statistical analysis. Three papers excluded neonates: Rojratsirikul et al. excluded infants aged less than two months, 27 whilst Secker and Jeejeebhoy and Stey et al. excluded neonates aged <31 days and <28 days, respectively. 12, 21 The remaining 10 studies were performed in children with a minimum age of three days and overall median age of 10.6 months. 23 Four studies were undertaken in cardiac surgical populations, 13, 20, 21, 29 and four studies were undertaken in general surgical populations, mainly gastrointestinal/abdominal surgery. 16, 17, 26, 27 Two studies were performed in spinal surgical populations, 25, 29 and one study comprised of cardiac, neurosurgical and general surgical participants. 24 Stey et al. reported on all children undergoing any type of surgery with data entered on to the American College of Surgeons National Surgical Quality Improvement Program Pediatric Report Form. 21 
Methods of nutritional assessment
A variety of methods were used to assess nutritional status, and 13,902 participants were classified as undernourished, giving a combined incidence of 15%. This incidence was >50% in four of the included studies, 12, 13, 23, 26 and the lowest rate was found in the largest cohort study which reported an incidence of 14.5%. 21 A formula using height and/or weight parameters was most commonly used to assess nutritional status. Five studies relied on weight-for-age z-scores 20, 21, 29 or BMI z-score calculations. 23, 28 Prospective studies were more likely to use Waterlow's criteria based on expected values of height/weight for age. 13, 16, 17, 26 Two studies used one of the above measures with the addition of triceps skin fold; the latter was used to estimate subcutaneous fat. 13, 26 Two studies included some element of laboratory testing. 13, 26 One study used laboratory measures (serum albumin and haematocrit) alone to classify nutritional status. 25 Two studies compared a nutrition history questionnaire, the Subjective Global Assessment, against anthropometric assessments to assess the efficacy of the tool in identifying children at risk of postoperative complications. 12, 27 The focus of these studies was to identify and compare undernourished children with their well-nourished counterparts; outcome data were extracted for both groups.
Relationship between undernutrition and infection
Six studies reported outcomes for SSI (Table II) . 16, 21, 24, 25, 28, 29 Definitions used for the identification of this outcome were consistent across the three studies 21, 24, 28 that used the criteria of the Centers for Disease Control and Prevention. 4 Bhattacharyya and Kosloske 16 used an ASEPSIS score >21, whilst Nateghian et al. 29 used the National Nosocomial Infections Surveillance criteria, both of which are recognized criteria. 30, 31 The remaining study within a spinal surgical population used an individualized definition, described as wound breakdown with purulence, exposed instrumentation or positive wound culture. 25 Two of the six studies performed adjusted analyses controlling for important clinical factors (age, case mix and comorbidity), and the results did not demonstrate an association between undernutrition and SSI. 21, 24 The studies were well powered, but both had significant participant exclusions. On unadjusted results, only one paper reported a relative risk of 1, 16 whilst the remaining studies presented relative risks >1. 25, 28, 29 However, only one study demonstrated confidence intervals suggestive of statistical significance. 25 Five studies reported an outcome for combined infectionrelated complications; 12, 13, 20, 23, 27 two of these reported significant relative risks, indicating an association between undernutrition and infection. 12, 20 This association persisted in the study that undertook adjusted analysis. 20 Two studies reported no episodes of infection in the normally nourished groups; 13, 27 in one of these studies, there was a significantly increased risk of infection in undernourished patients. 13 The remaining study did not find an association between nutrition status and the risk of three infections (pneumonia, mediastinitis and septicaemia), but the very short duration of follow-up was unlikely to have allowed ascertainment of all cases of infection. 23 Outcome data for pneumonia were available from four studies, all of which reported unadjusted risk estimates. 17, 21, 23, 26 However, the direction of effect was not consistent across studies, with only one study achieving statistical significance. 21 Two studies did not provide sufficient data to allow interpretation. 17, 26 Stey et al. presented unadjusted results of statistical significance, demonstrating an association between undernutrition and postoperative urinary tract infection; however, this was not included in the adjusted analysis. 21 Bhattacharrya and Kosloske presented data for septicaemia, which also demonstrated an association with undernutrition on univariate analysis. 17 However, the confidence intervals were extremely wide.
Discussion
This systematic review shows that there is insufficient evidence to assess any association between undernutrition and the risks of SSI, pneumonia or septicaemia. There is, however, tentative evidence of a relationship between undernutrition and the risk of developing any infection-related complication. There is also weak evidence to suggest an association between undernutrition and postoperative urinary tract infection. No studies were judged to provide high-quality evidence, and only two studies were judged to be of moderate quality. 20, 21 Downgrading the level of evidence for the remaining studies was mainly due to the study design (cohort studies had significant participant exclusions prior to study entry), inadequate definitions of exposure or outcome, or because of the lack of reported information with which to make a clear judgement regarding methodological quality.
Both moderate-quality studies demonstrated an initial association between undernutrition and postoperative infectious complications. However, following adjusted analysis, the direction of effect in the largest heterogeneous study did not support a relationship between SSI and undernutrition, 21 whilst this relationship persisted in the smaller, homogeneous population. 20 Lower-quality studies also demonstrated this initial association with significant confidence intervals, 12, 16 but were equally split in terms of direction of effect, with none able to demonstrate significance.
Anthropometric variables were used to assess nutritional status in all but one study, 25 although varying thresholds for defining undernutrition were used. Due to significant heterogeneity, direct comparison across studies was complicated, and formal pooling of results for estimating effect was not appropriate. Weight-based assessments were the most common variable; this was not unexpected as this forms part of routine pre-operative assessment. Studies published prior to the year 2000 were more likely to use Waterlow's criteria to classify weight, whereas those published after 2000 were more likely to use z-scores, reflecting the recommendations of the World Health Organization. 32 This wide variation in assessment method is likely to reflect the retrospective design of most studies, and the need to use weight-based data in addition to the technique most favoured during the study era.
A variety of definitions and classification systems were used for infection-related outcomes. The criteria of the Centers for Disease Control and Prevention were cited most commonly, 4 but variable or unclear durations of follow-up made it difficult to determine if studies were treating participants comparably. Sample sizes were <100 in the majority of included studies. 13,20,25e29 Studies were generally underpowered to detect important clinical differences, with only one study providing an a-priori power calculation, having an 80% chance of detecting an odds ratio of 2.1, or a 50% chance at 1.5. 28 Studies that were specific to a surgical specialty were underpowered to detect differences, in view of the event rate of infection-related complications of 16% across all studies, with a range between 2% and 42%. 21, 25 Studies that included multiple surgical specialties increased clinical heterogeneity significantly, especially when no attempt was made to control for surgical complexity. This heterogeneity increased the likelihood that any true effect of undernutrition on the incidence of infectious complications would not be uncovered.
Although attempts were made to identify unpublished literature, no studies were found. Using a search filter sensitive to the identification of studies regarding prognosis would not have excluded the identification of controlled trials of nutritional intervention in which control groups may have been eligible for inclusion, although none were identified. Despite an a-priori decision to exclude papers published in any language other than English, none were found that met the eligibility criteria of the review. The nature of the review question created complex search strings crossing many diagnostic fields, which may have contributed to the number of articles identified by backward and forward citation searching. Also, inconsistencies in subject heading terminology within the bibliographic databases searched, and variation between databases in how articles regarding prognosis are indexed, may have compounded this further.
The NOS was chosen as the preferred tool for quality assessment as both caseecontrol and cohort studies were included. 19 However, as the nature of the review question related to prognosis, the authors deviated from the protocol to enable the method of quality assessment to be adapted. The authors continued to assess quality using the NOS categories of selection, comparability and outcome or exposure (dependent on cohort or caseecontrol methodology), but also incorporated the domains included in the framework developed by Hayden et al. specifically for studies considering prognosis. 33 This adaptation was felt to enable more rigorous assessment of the quality of each included study in addressing the heterogeneity of both exposure and outcome measures. As observational studies are susceptible to uncontrolled confounding factors and bias, mainly in the selection of study participants, careful evaluation was undertaken to judge the reliability of the evidence provided. However, the reproducibility of this technique has not been tested.
The applicability of the findings is likely to be of relevance to the surgical specialties included in this review. As the higherquality studies did not include neonates, evidence is severely lacking with respect to children aged <28 days. In addition, future research needs to make a distinction between viewing undernutrition as a potential prognostic factor for infection, or exploring it as a potential risk factor for infection-related complications. In this way, studies will be adequately powered to detect clinical and statistical significance, with nutritional status being included in multi-variate analysis of potential confounders on outcome.
The review question remains unanswered. However, it remains an important question, particularly to those patient populations with chronic disease where growth failure has already been recognized and who will require surgical intervention as part of their management. 8, 34 Especially pertinent are those surgical specialties where patients will be critically ill postoperatively, and it is anticipated that they will require a proportion of their recovery time within an intensive care environment. These patient populations are known to be most vulnerable to postoperative morbidity, and are most vulnerable to further nutritional depletion during their inpatient stay. 6, 9, 10 There is a need for large, adequately powered prospective studies incorporating a gold-standard method for nutritional assessment, with robust and consistently applied definitions of undernutrition and infectious complications. If undernutrition is a risk factor for infection, aspects of pre-and postoperative feeding practices could be modified in order to reduce the physical, psychosocial and financial burdens associated with HCAIs in children.
